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Abstract. Animal habitat selection is a process that functions at multiple, hierarchically
structured spatial scales. Thus multi-scale analyses should be the basis for inferences about
factors driving the habitat selection process. Vertebrate herbivores forage selectively on the
basis of phytochemistry, but few studies have investigated the inﬂuence of selective foraging
(i.e., ﬁne-scale habitat selection) on habitat selection at larger scales. We tested the hypothesis
that phytochemistry is integral to the habitat selection process for vertebrate herbivores. We
predicted that habitats selected at three spatial scales would be characterized by higher
nutrient concentrations and lower concentrations of plant secondary metabolites (PSMs) than
unused habitats. We used the Greater Sage-Grouse (Centrocercus urophasianus), an avian
herbivore with a seasonally specialized diet of sagebrush, to test our hypothesis. Sage-Grouse
selected a habitat type (black sagebrush, Artemisia nova) with lower PSM concentrations than
the alternative (Wyoming big sagebrush, A. tridentata wyomingensis). Within black sagebrush
habitat, Sage-Grouse selected patches and individual plants within those patches that were
higher in nutrient concentrations and lower in PSM concentrations than those not used. Our
results provide the ﬁrst evidence for multi-scale habitat selection by an avian herbivore on the
basis of phytochemistry, and they suggest that phytochemistry may be a fundamental driver of
habitat selection for vertebrate herbivores.
Key words: Artemisia spp.; Centrocercus urophasianus; Greater Sage-Grouse; habitat selection;
herbivory; monoterpenes; plant secondary metabolites; sagebrush; selective foraging; south-central Idaho,
USA; spatial scale.

INTRODUCTION
Ecological processes function simultaneously within
multiple, hierarchically structured spatial scales (Wiens
1989). Consequently, inferences about the factors that
inﬂuence ecological pattern and process are conditional
on the spatial scale under investigation (Kristan 2006).
Coarse-scale studies may indicate the importance of a
particular set of factors, whereas ﬁne-scale studies may
indicate inﬂuences of an entirely different set of factors
(Wiens et al. 1986). Thus, a holistic understanding of
ecological pattern and process requires information
from multiple scales. Animal habitat selection is an
ecological process that occurs at multiple scales (Johnson 1980). Coarse-scale measurements may yield inferences about habitat selection that differ from those
made at a ﬁne scale within the same system (e.g., Becker
and Beissinger 2003). Although patterns of habitat
selection at a single scale are often important, patterns
observed consistently at multiple scales may provide
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more robust inferences about factors fundamentally
driving the habitat selection process.
Vertebrate herbivores have been the focus of an
increasing number of multi-scale habitat selection
studies (e.g., Moore et al. 2010, Rearden et al. 2011),
which have yielded insights that may have been lacking
from single-scale investigations. However, few studies
have directly considered the role of diet in habitat
selection by herbivores, despite the importance of food
quality to individual ﬁtness (DeGabriel et al. 2009).
Herbivore diets are constrained by the nutritional and
defensive chemistry of plants (Marsh et al. 2005).
Although typically abundant, plants are relatively low
in nutrients (White 1978) and often contain defensive
compounds (i.e., plant secondary metabolites, PSMs;
Dearing et al. 2005). This combination places conﬂicting
pressures on herbivores to maximize consumption of
one plant constituent (i.e., nutrients), while simultaneously minimizing consumption of another (i.e., PSMs;
Dearing et al. 2005). These conﬂicting pressures may
shape the evolution of selective foraging strategies
(Bryant and Kuropat 1980), which may then inﬂuence
the process of herbivore habitat selection (Moore et al.
2010).
We tested the hypothesis that the defensive and
nutritional chemistry of plants fundamentally inﬂuences
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habitat selection by vertebrate herbivores. We predicted
that habitats selected at multiple scales would be
characterized by high-nutrient and low-PSM plants.
We used an avian herbivore with a seasonally specialized
diet of high-PSM plants to test our hypothesis. The
Greater Sage-Grouse (Centrocercus urophasianus; hereafter Sage-Grouse) is an herbivorous tetraonine with a
specialized diet of sagebrush (Artemisia spp.) leaves
from late autumn through early spring (Wallestad et al.
1975). Sagebrush foliage contains relatively high concentrations of PSMs (e.g., monoterpenes, sesquiterpene
lactones, phenolics; Kelsey et al. 1982) and previous
work has suggested that Sage-Grouse browse sagebrush
selectively with respect to nutrients and PSMs (Remington and Braun 1985, Welch et al. 1988). We evaluated
the effects of nutrients and PSMs on Sage-Grouse
habitat selection at three spatial scales: (1) selection of
sagebrush habitat type, (2) selection of patches within a
given habitat type, and (3) selection of plants within a
given patch (i.e., diet selection). Here, we provide the
ﬁrst evidence for multi-scale habitat selection by an
avian herbivore on the basis of phytochemistry.
METHODS
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Study site
We conducted this study during the winter of 2010–
2011 with a Sage-Grouse–sagebrush system in a ;19 000
ha area of south-central Idaho, USA (42811 0 N, 114846 0
W). The study area was between 10 and 316 times the
size of reported Sage-Grouse winter home ranges,
depending on the individual bird and home range
estimation method (Schroeder et al. 1999). Dominant
vegetation at the study site was a mosaic of black
sagebrush (Artemisia nova) and Wyoming big sagebrush
(A. tridentata wyomingensis) stands with a mixture of
native grasses, exotic grasses, and herbaceous vegetation
in the understory. Elevations ranged from approximately 1550 m to 1750 m and average annual precipitation
was 26.3 cm. Winter high temperatures averaged 4.68C
and winter low temperatures averaged 5.98C. Maximum snow depth observed during the study was 7.5 cm,
but snow cover was absent during the majority of the
study period.
Field methods
We marked 38 Sage-Grouse with ;17 g necklace-style
VHF radio transmitters during 2010 and 2011. During
each of three winter sampling periods (23–30 January
2011, 6–13 February 2011, and 8–14 March 2011), we
used radiotelemetry to locate randomly selected SageGrouse ﬂocks containing radio-marked birds during
daylight. Radio-marked grouse were located one to
three times each during the study, but individuals were
never located repeatedly within the same sampling
period. We collected samples of browsed and nonbrowsed sagebrush plants at each ﬂock location
(hereafter, ‘‘used patch’’). Browsed plants were deﬁned
as those with evidence of at least 10 fresh Sage-Grouse

Laboratory methods
We stored sagebrush samples in a 208C freezer,
ground the leaves in liquid nitrogen using a mortar and
pestle, and divided each sample into three subsamples.
The ﬁrst subsample was used to quantify individual
monoterpenes via headspace gas chromatography (Appendix B). We identiﬁed individual monoterpenes using
co-chromatography with known standards. The second
subsample was used in a colorimetric assay to quantify
total phenolic concentrations (Appendix C). The third
subsample was dried and shipped to Dairy One Forage
Laboratory (Ithaca, New York, USA) for analysis of
crude protein content.
We used crude protein as a nutrient variable because
it can affect herbivore foraging behavior and reproductive success (Mattson 1980). Nutrient concentrations
were quantiﬁed as percentage of dry mass. We chose
monoterpenes and phenolics as PSM variables because
both classes of compounds exert deleterious effects (e.g.,
toxicity, increased energy expenditure, nutrient binding)
on herbivores (Dearing et al. 2005) and occur in
relatively high concentrations in sagebrush (Kelsey et
al. 1982). Monoterpenes were quantiﬁed as area under
the gas chromatogram curve/100 lg dry mass (AUC/100
lg; Appendix B), and total phenolic concentrations were
quantiﬁed as lmol gallic acid equivalents/g dry mass
(Appendix C).
Statistical analysis
Prior to ﬁtting models, we used Fisher’s exact test to
examine our a priori belief that Sage-Grouse used black
sagebrush habitat more than expected on the basis of
availability. Starting with one nutrient covariate (crude
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bite marks (Appendix A: Fig. A1). Non-browsed plants
were deﬁned as plants with (1) no evidence of SageGrouse browsing and (2) evidence of Sage-Grouse
presence (tracks, droppings, and browsed plants) within
0.5 m of the plant. At each used patch (n ¼ 55), clippings
from three browsed and three non-browsed plants were
collected and pooled to form a single browsed sample
and a single non-browsed sample. Additionally, we
generated random coordinates (n ¼ 55) constrained by
the boundaries of the study area. At each set of random
coordinates (hereafter, ‘‘random patches’’), we collected
clippings from the three closest sagebrush plants and
pooled them into a single sample. We did not observe
evidence of Sage-Grouse presence (e.g., browsed sagebrush, fecal droppings, tracks) at random patches. All
samples collected within a given used or random patch
were conspeciﬁc with one another and with the
dominant sagebrush taxon (Wyoming big sagebrush or
black sagebrush). Structural vegetation measurements
can affect Sage-Grouse habitat use (Connelly et al. 2000,
Hagen et al. 2007), so we measured shrub canopy cover
(Wambolt et al. 2006) and height along two perpendicular 30-m transects at each used and random patch to
account for this effect.

310

GRAHAM G. FRYE ET AL.

TABLE 1. Model-averaged odds ratio estimates and 95%
conﬁdence limits for covariates in ﬁnal Sage-Grouse habitat-selection models at each of three spatial scales, southcentral Idaho, USA.
95% CL

Scale and covariate

Odds
ratio

Lower

Upper

Habitat type
Crude protein (%)
Total monoterpenes (AUC/100 lg)
Shrub height (cm)

0.37
0.89
0.82

0.10
0.79
0.67

0.83
0.98
0.91

Patch
Crude protein (%)
Unknown #1 (AUC/100 lg)
1,8-cineole (AUC/100 lg)

1.69
0.60
1.04

1.12
0.37
0.90

2.55
0.96
1.20

Plant
Crude protein (%)
1,8-cineole (AUC/100 lg)
a-pinene (AUC/100 lg)
Unknown #1 (AUC/100 lg)

2.02
0.82
0.88
0.84

1.03
0.70
0.75
0.66

3.98
0.97
1.03
1.08
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Notes: At the habitat scale, the response is the log odds that a
habitat is black sagebrush. At the patch scale, the response is
the log odds that a patch within black sagebrush habitat is used.
At the plant scale, the response is the log odds that a plant
within a used patch is browsed.

protein), seven PSM covariates (Appendix B: Table B1),
and two structural covariates (shrub height, shrub
canopy cover), we removed collinear variables (jrj .
0.7, variance inﬂation factors .3.0) and ﬁt binary logit
models separately at each of three spatial scales. To
identify factors associated with selection of habitat type,
we treated habitat type (Wyoming big sagebrush or
black sagebrush) at random patches as a binary response
and the nutrient, PSM, and structural covariates as
continuous predictors. To assess selection of patches
within a given habitat type, we treated patch type (used
or random) as a binary response and the nutrient, PSM,
and structural covariates as continuous predictors.
Covariate values for used patches were the means of
all sagebrush samples (browsed and non-browsed)
collected therein. To assess selection of plants within a
given patch (i.e., diet selection), we treated plant type
(browsed or non-browsed) as a binary response and the
nutrient and PSM covariates as continuous predictors.
For the analysis of plant selection, we used conditional
logit models to control for variation among patches
(Compton et al. 2002).
We used a hierarchical information-theoretic approach to model selection and model averaging (Burnham and Anderson 2002, sensu Doherty et al. 2008)
within each spatial scale. First, we identiﬁed the
variables that best represented each of the three
predictor categories (nutrient, PSM, structure) by
comparing Akaike’s Information Criterion values with
sample size bias adjustment (AICc) for all variable
combinations within each category (Appendix D: Tables
D2–D4). Within the PSM category, we included total
monoterpene concentration for comparison with indi-
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vidual monoterpene covariates, but restricted it to a
single-predictor model because of its lack of independence with individual monoterpene covariates. Covariates from the top models in each predictor category were
then included in a ﬁnal round of model selection unless
they were ranked below the null (intercept-only) model
(Appendix D: Table D1). We weighted ﬁnal models
within 2 AICc units of the top model (i.e., DAICc  2)
by Akaike model weight (wi ) to derive model-averaged
parameter estimates, and we used unconditional variance for estimating 95% conﬁdence intervals (Burnham
and Anderson 2002). To evaluate model performance,
we used 10-fold cross validation to estimate classiﬁcation accuracy for the top model at each spatial scale.
Statistical analyses were conducted in R version 2.14 (R
Development Core Team 2011) and SAS version 9.2
(SAS Institute 2008).
To screen for cross-scale correlations between spatial
scales, we computed bivariate correlation coefﬁcients
between scales for all covariates that appeared in top
models. We considered jrj . 0.7 as indicative of
signiﬁcant cross-scale correlation. Additionally, we
plotted mean values partitioned by sample category
(browsed, non-browsed, random) for covariates shared
among top models at the patch and plant scales. Because
the covariate values representing the phytochemistry of
a given patch were composites of the values of browsed
and non-browsed plants within that patch, we expected
to see similar values for random and non-browsed
samples (i.e., the sample categories not selected by SageGrouse at the patch and plant scales, respectively) if our
patch-scale inferences were artifacts of plant-scale
selection.
RESULTS
Selection of habitat type
Sage-Grouse used black sagebrush habitat more than
expected on the basis of availability (Fisher’s exact test:
P , 0.0001, odds ratio ¼ 27.8; Appendix E: Table E1).
The single habitat-type model with DAICc  2 included
one nutrient covariate (crude protein), one PSM
covariate (total monoterpene concentration), and one
structural covariate (shrub height; Appendix D: Table
D2), with an estimated classiﬁcation accuracy of 94%.
Wyoming big sagebrush contained higher total monoterpene concentrations than black sagebrush (Table 1,
Fig. 1). Additionally, Wyoming big sagebrush was
characterized by higher crude protein and greater shrub
height than black sagebrush (Table 1, Fig. 1). This
height difference was the only difference in shrub
structure observed at any spatial scale during the study.
Selection of patches
The two ﬁnal patch-scale models with DAICc  2
contained one nutrient covariate (crude protein) and
two PSM covariates (unknown #1, 1,8-cineole; Appendix D: Table D3). However, the odds ratio estimate for
1,8-cineole differed only slightly from 1 (i.e., logit
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coefﬁcient ’ 0), with a broad conﬁdence interval that
substantially overlapped 1 (Table 1). Thus, we concluded that 1,8-cineole lacked inferential value and excluded
it from further consideration at the patch scale. The
estimated classiﬁcation accuracy for the top model was
78%. The odds of patch use increased by 69% for each
1% increase in crude protein, whereas the odds of patch
use decreased by 40% for each 1 AUC/100 lg increase in

an unidentiﬁed monoterpene (unknown #1; Table 1, Fig.
2A).
Selection of plants
The four ﬁnal plant-scale models with DAICc  2
contained one nutrient covariate (crude protein) and
three PSM covariates (unknown #1, a-pinene, 1,8cineole; Appendix D: Table D4). Odds ratio estimates

FIG. 2. Response surface depicting the additive effects of increasing plant secondary metabolites (PSM) and nutrient
concentrations on the odds of Greater Sage-Grouse (Centrocercus urophasianus) use of (A) patches and (B) plants during winter in
black sagebrush (Artemisia nova) habitat, south-central Idaho, USA. Changes in the odds of use were calculated using the top
covariates within each spatial scale while holding all other covariates constant.
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FIG. 1. Univariate comparisons (mean and 95% conﬁdence interval) of total monoterpene concentration (AUC/100 lg dry
mass), crude protein (%), and shrub height (cm) for black sagebrush (Artemisia nova) and Wyoming big sagebrush (A. tridentata
wyomingensis) habitats during winter in south-central Idaho, USA. AUC refers to area under the gas chromatogram curve.
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FIG. 3. Values (mean 6 SE) partitioned by sample category
(browsed, non-browsed, random) for nutrient (crude protein)
and plant secondary metabolite (PSM unknown #1) covariates
occurring in top models in both patch-scale and plant-scale
analyses of Greater Sage-Grouse (Centrocercus urophasianus)
winter habitat selection in south-central Idaho, USA. Intermediate values for samples in the non-browsed category suggest
that observed patch-selection patterns were not artifacts of
plant-scale effects.

were less precise for unknown #1 and a-pinene than for
1,8-cineole, as indicated by 95% conﬁdence intervals
slightly overlapping 1 (Table 1). The estimated classiﬁcation accuracy for the top model was 80%. The odds of
plant use increased by 102% for each 1% increase in
crude protein, whereas the odds of plant use decreased
by 18% for each 1 AUC/100 lg increase in 1,8-cineole
(Table 1, Fig. 2B).
Cross-scale correlation
Bivariate correlation coefﬁcients did not indicate the
presence of cross-scale correlations (jrj , 0.7). Similarly,
no relationship was evident (jrj , 0.7) between the
cumulative PSM values, found to be important at the
habitat-type scale, and top covariates at the plant and
patch scales. Plots of means partitioned by sample
category for covariates shared among top models at the
patch and plant scales (crude protein, unknown #1)
indicated that non-browsed samples were intermediate
in value relative to browsed and random samples (Fig. 3)
DISCUSSION
Results were largely consistent with our prediction
that selected habitats would be characterized by high
nutrient and low PSM concentrations. The sole exception occurred at the habitat-type scale, where nutrient
concentrations were lower in the selected habitat type
(black sagebrush). PSM differences at that scale may
have been sufﬁciently extreme to negate the inﬂuence of

Ecology, Vol. 94, No. 2

nutrients on habitat selection. Total monoterpene
concentrations were 32% higher in Wyoming big
sagebrush than in black sagebrush, whereas crude
protein concentrations were only 10% higher (Fig. 1),
suggesting that the increase in toxic consequences from
high PSM concentrations in Wyoming big sagebrush
may have outweighed the increase in nutritional beneﬁt.
Additionally, black sagebrush habitat was substantially
lower in height than Wyoming big sagebrush habitat
(Fig. 1), and the former may thus have provided lower
quality thermal or escape cover. Again, the beneﬁt of
substantially lower PSMs in black sagebrush habitat
may have outweighed any costs of increased thermal or
predation risk. Alternatively, habitats characterized by
lower shrub heights may have provided structural
beneﬁts for Sage-Grouse (e.g., increased ability to detect
predators). Selection of low-height sagebrush habitat
over sagebrush with greater cover potential has been
observed in previous Sage-Grouse studies as well
(Hagen et al. 2011), but associated phytochemistry has
not been reported previously.
Habitat selection at the patch and plant scales was
consistent with our prediction. Patches selected within
black sagebrush habitat had higher nutrient concentrations and lower concentrations of individual PSMs
(Table 1, Fig. 2). This suggests that use of patches by
Sage-Grouse within a selected habitat type is nonuniform and is inﬂuenced by nutrients and PSMs. Unlike
the habitat-type scale, however, total monoterpene
concentrations within black sagebrush habitat did not
differ between used (65.3 6 1.88 AUC/100 lg, mean 6
SE) and random (62.2 6 2.06 AUC/100 lg) patches.
This is consistent with observations that sagebrush PSM
proﬁles are more similar within taxa than among taxa
(Kelsey et al. 1982). Our results suggest that concentrations of individual monoterpenes, rather than cumulative monoterpenes, inﬂuence patch selection within a
habitat type. In other words, Sage-Grouse selected for
the general PSM proﬁle of black sagebrush (habitat-type
selection), and then selected for more speciﬁc nutrient
and PSM differences within that general proﬁle (patch
selection).
Similarly, individual plants selected within a given
patch were higher in nutrient concentrations and lower
in individual PSM concentrations. This suggests ﬁnescale habitat selection in which the use of plants within a
patch is nonuniform and is inﬂuenced by nutrient and
PSM characteristics. As with patch selection, total
monoterpene concentrations were similar between
browsed (63.7 6 2.1 AUC/100 lg, mean 6 SE) and
non-browsed (66.9 6 2.4 AUC/100 lg) plants, but
individual monoterpene concentrations, in concert with
nutrients, appeared to affect plant selection.
An important consideration in multi-scale habitat
selection studies is cross-scale correlation (Kristan
2006). Cross-scale correlations can yield inferences at
one spatial scale that are actually attributable to effects
at a different scale. Although bivariate correlations did
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PSM plants, as dietary constraints that limit use of
landscapes may exacerbate the impacts of anthropogenic
habitat changes. Specialist herbivore species that have
suffered signiﬁcant declines in abundance and available
habitat, such as Sage-Grouse (Garton et al. 2011), may
be particularly susceptible to environmental changes
that decrease nutrient availability or increase PSMs
(Lawler et al. 1997), and warrant prioritization for
future research and conservation efforts.
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herbivore.
We recommend that investigators routinely consider
the functional importance of phytochemistry to avoid
incomplete or inaccurate inferences in studies of
herbivore habitat selection. This is particularly important for systems in which herbivores specialize on high-
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SUPPLEMENTAL MATERIAL
Appendix A
A photograph of diagnostic bite marks left by Greater Sage-Grouse (Centrocercus urophasianus) on sagebrush, Artemisia spp.
(Ecological Archives E094-025-A1).
Appendix B
Supplementary information on the quantiﬁcation of monoterpene concentrations in sagebrush (Artemisia spp.) samples,
including methods, materials, and a table of gas chromatograph retention times (Ecological Archives E094-025-A2).
Appendix C
Methods and materials used to quantify total phenolic concentrations in sagebrush (Artemisia spp.) samples (Ecological Archives
E094-025-A3).
Appendix D
Model-selection tables for hierarchical analysis of Greater Sage-Grouse (Centrocercus urophasianus) habitat selection at each of
three spatial scales (Ecological Archives E094-025-A4).
Appendix E
A cross-tabulation of patch type by habitat type for analyzing the selection of sagebrush (Artemisia spp.) habitat type by Greater
Sage-Grouse (Centrocercus urophasianus) (Ecological Archives E094-025-A5).

